Abstract : -A new hybrid force-position control method for uncertain robotic manipulator interacting with its environment is presented. First, the dynamical model system in the compliance frame is derives from the usual joint frame model and leads to two sets of equations due to the constraint associated to the contact surface. Next, the two dynamics are separately used for the synthesis of position and force tracking controllers. For the position control part, the design method consists of an estimated-parameters dependent coordinate transformation and a control law derived from a backstepping procedure. The force control law has two folds: first it compensates the dynamical interaction between the end-effector motion and the force induced by the environment and secondly, imposes a desired force using a proportional-like equation. Finally, a parameter-adaptation algorithm derives from stability criteria and dependent both on the position and force tracking errors. Simulation results on a four-degree of freedom robotic system tracking a triangle while maintaining a constant contact force prove the effectiveness of our solution.
Introduction
N umerous robotic tasks (e.g. contour following, grinding, scribing, deburring and assembly-related tasks) generate physical contact between the robot end-effector and the environment. In these cases, the force due to the contact with the surface has to be taken into consideration and therefore both the force and motion control are required. Two goals are related to this problem. The first is to maintain a certain force magnitude applied by the end-effector on the surface and the second is to maintain the endeffector's motion on a desired trajectory. This problem has been intensively studied in the last two decades and two major approaches emerge. The impedance control approach proposed by Hogan [1] aims to control the position and the force by adjusting the mechanical impedance of the endeffector to external forces generated by the contact with the environment. This class of solution can further be divided into dynamic and classical impedance control when the manipulator dynamics are taken into account or not. The second approach proposed by [2] is referred to hybrid control. The directions in which the manipulator end-effector position should be controlled and the ones in which the contact force control is performed are selected so as to simultaneously follow a given desired trajectory and force. Again, taking arm dynamics into account or not, to increasing stability and performance leads to two subclasses. The works of Khatib [3] , Yoshikawa [4] and McClamroch and al. [5] are majors contributions in the hybrid force -position approach. The hybrid control synthesis can be directly performed either in the joint space [4] or the task (Cartesian) space where the specifications are naturally given [7] . The actuator dynamics may [8] or may not be incorporated to the system to be controlled. Several interesting alternative solutions for the position-force control problems are also reported in the literature [6] and reference therein. In addition, there exist some interactions between robot and motor dynamics which cannot be neglected. Hence in this paper, we consider a robotic system consisting of a manipulator arm and its joints actuators. A novel adaptive hybrid force position technique which guarantees asymptotic convergence of both the arm and motor variables is proposed. It consists of first, deriving the dynamical model system in the compliance frame from the usual joint frame model and lead to two sets of equations due to the constraint associated to contact surface. Next, the two dynamics are separately used for the synthesis of position and force tracking controllers. For the position control part, the design method consists of estimated-parameters dependent coordinate transformation and control law derived using a backstepping procedure. The force control law has two folds: first it compensates the dynamical interaction between the end-effector motion and the force induced by the environment and secondly, imposes a desired force using a proportional-like equation. Finally, a parameter adaptation algorithm is derived from a stability condition and is dependent both on the position and force tracking errors. In [10] , the problem of force/position tracking for a robotic manipulator in compliant contact with a surface under non-parametric uncertainties is considered. A novel neuro-adaptive controller is proposed, that exploits the approximation capabilities of the linear in the weights neural networks, guaranteeing the uniform ultimate boundedness of force and position. In [11] the problem of output feedback tracking control of a class of Euler-Lagrange systems subject to nonlinear dissipative loads is approached. The proposed controller-observer scheme renders the origin of the error dynamics uniformly globally asymptotically stable This paper is organized as follows. The manipulator and actuators dynamical models in the compliance frame are derived in section 2. Under the assumption that the system parameters are perfectly known, a design method so that the end-effector tracks a desired position while it maintains a desired force with the environment is presented in section 3. The adaptive version of the section 3 method is detailed in section 4. It is assumed that only the manipulator parameters are unknown. Numerical simulation results are presented in section 5. Finally, a conclusion is drawn in section 6.
Robot Dynamics

Manipulator Dynamics
An n degrees of freedom rigid robot arm with environmental contact can be described as are the motor (actuators) torques and the interaction torques due to contact with the environment respectively.
B( q,q )
& can be written such that
& is skew-symmetric. The robot can also be written in linear form in terms of a parameters vector θ as follows:
where Y is a matrix of known functions and ∈ ( m is the dimension of the task space which is assumed to be the same as the Cartesian space) at the end-effector through
where
is the manipulator task Jacobian matrix that is supposed to be nonsingular.
Actuators Dynamics
The main objective of robot force-position control is to compute the required torque for the robot to follow a desired trajectory of position and force. DC motors are usually used to generate the driving robot arms torques. The actuators dynamics can be described by
with j ω being the robot angular velocity, j R the armature circuit resistance, j L the armature circuit inductance, The robot angular velocity j ω is related to the joint 
where T j K is the jth motor torque constant. Expressing the armature current j i in terms of the motor torque j τ and substituting the resulting expression and (5) into (4) yields
Equation (7) can be written in a closed matrix form as
Equations (1) and (8) completely describe both the constrained manipulator interacting with the environment and its actuators in the joint frame. Since the nature description for the end effector trajectories and interaction forces during constrained motion is given in a coordinate frame fixed in the task-oriented space, it appears convenient to use a description of the manipulator and actuators dynamics in that frame.
Manipulator Dynamics in the Cartesian Frame
For convenience the robot and actuator dynamics are rewritten below 
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Robot Dynamics in the Compliance Frame
Let 0 S be the base reference of Cartesian frame. The end-effector orientation r is usually described in
S
in terms of roll-pitch-yaw or any proper set of Euler angles. However, the rotational part of a robotic task is described in terms of angular velocity and torques in 
Where
, and 
L( r ) T ( r )R ( r ) then (12) becomes
H ( r )x C ( r,r )x G ( r ) F F
Since we assume that both the tool and the contact surface are rigid, the end-effector motion in the constrained direction is negligible compared to the motion in the unconstrained one. Therefore, the velocity vector c x & can be written as
The interaction force also has the following decomposition, since its components in the unconstrained directions are negligible. 
Introducing (16) and (17) into (14a and 14b) gives the end-effector motion and the actuators dynamics both in the constrained and unconstrained directions,
where the following notation has been used
It is important to point out that equations (18a, 19a) have been already obtained and used in [7] . with the environment. The dynamics (18a and 18b) are used for the position tracking problem while (19a and 19b) for the force control. First, the model parameters are assumed to be known and a non-adaptive version of the controller is derived. The coordinate transformation and control laws involved in the non-adaptive version are transposed in the adaptive one with the unknown parameters replaced by their estimation. The parameters estimation algorithm is derived from stability criteria.
Controller Design
In this section, the manipulator and the actuators dynamics equations parameters are assumed to be known. The design objective is to satisfy the specifications described below. 
Design Specifications
Position Control
Let us consider the dynamics (18a and 18b) and define 
Its state space representation is given by
The tracking error dynamics can be described as follows The variable 1d F stands for the desired value of 1 F .
Proposition 1:
Using a Backstepping procedure, the system described by equations (22a, 22b and 22c) is asymptotically stable if the control input 1 v is such that 
Force Control
Let now consider the dynamics (19a and 19b) and set 
It is important to note that even if equation (26) 
which is indeed a simple proportional control law.
p K is a positive definite matrix. The closed loop force dynamics are given by
then, the system described by (24) is asymptotically stable; hence the tracking force error converges to zero. 
Remark 1
Adaptive Controller Design
In this section, we assume that all robot parameters are unknown except those of the actuators.
Position Control
The nonlinear coordinate transformation is timevarying since it depends on estimated parameters. 
Differentiating (31a, 31b and 31c) one obtains
Where (since the linearly parametrizability property holds)
denotes the difference between the unknown robot parameters vector p and their estimation p from an adaptive algorithm yet to be determined. Note that if
Force Control
Again, the control input 2 v decomposition given by equation (25) 
Remark 2: projection algorithm
The projection variant given below can be used instead of (43) to force the estimated parameters to remain in a predefined domain, say, θ is inside the compact set or on its boundary and attempts to remain inside it, the adaptation law is equivalent to the gradient method. The algorithm forces each estimated parameter to remain into x Ω by subtracting a suitable value to y when ˆ( t ) θ is on the boundary and has the tendency to move away from it. Indeed, the term
is referred to as the projected direction onto the tangent plane to the boundary.
Simulation Results
The proposed control scheme has been tested by simulation using the robot given in figure 1 . It is a four-degree of freedom robot arm with one prismatic axis, and three rotating axes. However, the motion around the 4 z axis has been locked for the test. The system's dynamic model is very big and has been then voluntarily omitted from the paper. The manipulator links mass, length and inertia, and the actuators parameters are collected into Table 1 Figure 5 (the meaning of 1 p , 2 p and 3 p are given in Table 2 ). The force time-behavior is given at figure 6. We can also note that good response is obtained thanks to the relative simple but effective force control equations (46 and 47). The actuator input voltages and currents remain in acceptable bounds as shown in figures 6 and 7.
Conclusion
A new adaptive force-position control method is proposed for a manipulator taking into account actuators dynamics and uncertainties on robot's parameters. The robot is in contact with a rigid environment. Simulations were performed with a four-link manipulator arm and the results prove the effectiveness of our method since very good path and force tracking performance are achieved. Although the mathematical development used throughout the design is relatively involved, the control laws derived are relatively simple to implement. This implementation will be the next step of this work Length ( 
